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Live and dead conifer fine root (2 mm) and mycorrhizal root biomasses were determined in the forest floors of 16 stands 
of Douglas-fir (Pseudotsuga menziesii (Dougl.) Forbes) of low (IV) or high (ID productivity. The maximum biomass of both 
live conifer and mycorrhizal root biomass occurred at canopy closure in site I and IV stands. After crown closure this biomass 
decreased significantly in site H but not in site [IV stands. During and following crown closure, site IV stands generally had 
a significantly higher live conifer root biomass than site II stands. Only in the 65- to 75- and 150- to 163-year age groupings 
of stands was a significantly higher live mycorrhizal root biomass measured in site IV than in site II stands. The proportion 
of dead to total conifer fine root biomass fluctuated from 13 to 56% in site II stands and from 26 to 76% in site IV stands. 
The percentage of total mycorrhizal roots that were dead fluctuated from 25 to 57% in site II stands and from 19 to 76% in 
site IV stands. Generally the highest percentage of live root tips infected by mycorrhizal fungi occurred in the 45- and 
46-year-old site IJ stands and in the 33-, 49-, 67-, and 69-year-old site IV stands. 


VoGT, K. A., E. E. Moore, D. J. Voct, M. J. REDLIN et R. L. EbMONDS. 1983. Conifer fine root and mycorrhizal root 
biomass within the forest floors of Douglas-fir stands of different ages and site productivities. Can. J. For. Res. 13: 
429—437. 

On a mesuré les biomasses des radicelles (<2 mm) mortes ou vivantes de conifères et des racines mycorhizées dans les 
horizons organiques de 16 peuplements de Douglas taxifolié (Pseudorsuga menziesii (Dougl.) Forbes) provenant de station à 
basse (IV) ou haute (II) productivité. La production maximale de biomasse de radicelles vivantes de coniféres et de racines 
mycorhizées a lieu au moment où le couvert se referme dans les peuplements de station II et IV. Apres la fermeture du couvert, 
cette biomasse diminue de facon significative dans les stations ll mais non dans les stations IV. Durant et aprés la fermeture 
du couvert, les peuplements de station IV ont généralement une biomasse de radicelles vivantes de conifères significativement 
supéricure à celle des peuplements de station II. Seuls les groupements de peuplements de 65 à 75 et de 150 à 163 ans montrent 
une biomasse de racines vivantes mycorhizées significativement supérieure dans les stations IV par rapport aux stations II. Le 
pourcentage de mortalité par rapport à la somme des racines mycorhizées varie de 25 à 5796 dans les peuplements de stations 
II et de 19 à 76% dans ceux de stations IV. Le pourcentage le plus élevé d'extrémités de racines envahies par des champignons 
mycorhizateurs se trouve dans les peuplements de station Il aux ages de 45 ct 46 ans et dans ceux de station IV aux âges de 
33, 49, 67 et 69 ans. 

(Traduit par le journal] 


Introduction be better in mineral soil horizons. Alvarez ef al. (1979) 
observed Abies concolor (Gord. and Glend.) Lindl. ex 
Hildebr. seedlings to survive and grow better in mineral 


soil than in mineral soil with organic layers. However, 


The common occurrence of root growth into organic 
fractions, especially of root systems infected by mycor- 
rhizal fungi, has been shown by numerous researchers 


(Mikola and Laiho 1962; Meyer and Géttsche 1971; 
Harvey et al. 1978; Kimmins and Hawkes 1978; 
Persson 1978; Harvey et al. 1979; Vogt et al. 1981). 
Yet, how increasing organic matter accumulation with 
stand age (Turner and Long 1975) affects the amount of 
conifer or mycorrhizal root biomass in the forest floor 
has not been studied over a broad range of stand ages. 

Preliminary research conducted in the Pacific North- 
west indicates that the amount of fine root and my- 
corrhizal biomass in the forest floor may be positively 
correlated with stand age. Seedling growth appears to 


'Revised manuscript received January 20, 1983. 


Alvarez et al. (1979) attributed the growth differences 
predominantly to the presence of different species of 
mycorrhizal fungi infecting root systems in mineral 
versus the organic horizons. Bakshi et al. (1972) also 
attributed the poor root growth and mycorrhizal devel- 
opment of Abies pindrow Royle seedlings to thick hu- 
mus layers. 

In subalpine Abies amabilis (Dougl.) Forbes stands in 
western Washington, the zone of intensive rooting ap- 
peared to shift from the mineral soil to the detritus as the 
stands matured (Grier er al. 1981; Vogt et al. 1981). At 
times more than half of the total fine root biomass may 
be located in the forest floor. For example, Meyer and 
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TABLE |. Site data on the 16 study plots utilized during this study 


Mean forest 


Stand Site floor depth 
age produetivity Elevation Slopes — Stems/ha (O, and O») Soil 
(ycars)* class Location? (m) (96) (No.) (em) series 
13 Ul STF (W) 305 305 810 1.2 Pilchuck 
14 | VTF (W) 213 2.0 670 1.1 Tokul 
45 I STF (W) 305 0.3 490 5.1 Klaus 
46 II STF (W) 305 4.0 730 4.0 Klaus 
65 I STF (DNR) 305 2.5 780 3.7 Tokul 
75 Ii STF (DNR) 305 6.0 480 4.7 Tokul 
150 II CLP 503 41.0 330 2.5 Wilkeson 
160 ll CLP 503 33.5 290 4.] Wilkeson 
11 IV CLP 500 16.0 7250 3.3 Baumgard 
12 IV CLP 494 17.5 3210 2.8 Baumgard 
33 IV TRC 210 6.0 1820 6.5 Everett 
49 IV CLP 366 23.8 1710 6.6 Baumgard 
67 IV TRC 210 3.0 1090 4.6 Buamgard 
69 IV CLP 506 6.0 1300 7.4 Everett 
150 IV CLP 427 21.0 230 5.6 Baumgard 
163 IV CLP 579 18.0 580 4.8 Baumgard 


*Average age of dominant tree at breast height except for stand ages !1— 14. 


TSTF (W) = Snoqualmie Tree Farm of the Weyerhaeuser Company: STF (DNR) = State Department 


of Natural Resources forest 


adjacent to Snoqualmie Tree Farm of Weyerhaeuser Company: VTF (W) = Vail Tree Farm of Weyerhaeuser Company: CLP = Charles 
Lathrop Pack Experimental Forest; TRC = A. E. Thompson Research Center. 


Góttsche (1971) measured about 70% of the total fine 
root (x2 mm) weight in the forest floor during a spring 
sampling in a beech stand. In addition, from 69 to 7296 
of the total mycorrhizal roots have been shown to be 
located in the organic fraction of mature stands 
of Abies lasiocarpa (Hook.) Nutt., Abies amabilis 
(Dougl.) Forbes, and Picea glauca (Moench) Voss — 
Abies lasiocarpa (Kimmins and Hawkes 1978; Harvey 
et al. 1979; Vogt et al. 1981). 

Differences observed between the preferential 
rooting zones of seedlings and mature trees are partially 
explained by the nutrient availability of a site. For in- 
stance, Jorgensen et al. (1980) calculated that the forest 
floor could supply only 3456 of the N growth require- 
ment of a 16-year-old loblolly pine stand but could 
supply 8596 in a 30- to 40-year-old stand. It has also 
been suggested that the increased nutrient status of a site 
(especially N) will result in a reduction in the amount of 
mycorrhizal infection of root systems (Marks er al. 
1968; Bjórkman 1970; Farrell and Leaf 1974; Menge et 
al. 1977). 

It 1s of interest to study how fine root biomass and 
mycorrhizal development vary in the forest floor, and 
how this variability might be related to changes in stand 
age and the nutrient status of the site. The objective of 
this study was to determine live and dead conifer root 
(2 mm in diameter) and mycorrhizal root biomass in 
the forest floor of four different age-classes of Douglas- 
fir stands (11 — 14, 33—49, 65—75, and 150—163 years 


old) of low and high productivity. Results from such 
studies are a prerequisite for understanding the path- 
ways of nutrient cycling and carbon accretion rates with 
age within individual components of an ecosystem. 
Once more information becomes available on factors 
affecting the amount of fine root biomass supported by 
a stand under natural conditions, the effect of different 
management practices and perturbations on carbon and 
nutrient cycling can be assessed. 


Materials and methods 


Study sites 

Sixteen Douglas-fir (Pseudotsuga menziesii (Dougl.) 
Forbes) stands of two different site productivity classes and 
varying in age from 11 to 163 years were chosen for study 
sites in the foothilis of the Cascade Range in western 
Washington, United States. The stands are located in three 
different arcas: (7) the Charles Lathrop Pack Experimental 
Forest of the University of Washington and the adjacent Vail 
Tree Farm of the Weyerhaeuser Company both | 10 km south 
of Seattle; (ji) the A. E. Thompson Research Center located 
in the Cedar River Watershed 50 km east of Seattle; and (iji) 
the Snoqualmie Tree Farm of the Weyerhaeuser Company and 
adjacent State Department of Natural Resources forest 60 km 
east of Seattle. 

Site data on the 16 stands is presented in Table |. All sites 
had a southwest aspect. Local site class maps were used 
initially to select stands of low (site class IV) and high (site 
class Il) productivity. Site class maps are based on a 50-year 
index of tree height at specific ages for Douglas-fir (King 
1966). The site class IV stands will be referred to as "site IV” 
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(low productivity) and the site class H stands as "site H” (high 
productivity). 

Within each of the two productivity classes. four different 
stand age-classes were studied: 11 — 14. 33—49, 65— 75. and 
150—163 (Table |). Two replicate stands per age-class were 
chosen. 

A 0. [-ha plot was established in each of the 16 stands and 
either divided into 9 (10.54- by 10.54-m) or IO (10- by 10-m) 
subplots depending upon the topography and (or) vegetation 
distribution. Forest floor (O, + O3) cores for root biomass 
determination were obtained from five of the subplots. 

Average annual precipitation is [13. 177. and 210 cm at 
the Charles Lathrop Pack Experimental Forest (CLP). A. E. 
Thompson Research Center (TRC), and Snoqualmie Tree 
Farm (STF), respectively. About 90% of the precipitation 
input occurs as rain between the months of October and June. 
The mean annual temperatures are 10.3. 8.7, and 9.8°C in the 
CLP, TRC, and STF forests, respectively. The average 
January forest floor (O, and O;) and soil (5-em depth) tem- 
peratures were 5.4 + |.5?C and 5.1 + 0.7°C, respectively, 
with an average July forest floor temperature of 21.5 + 4.7°C 
and soil of 17.3 € 2.3?C in all of the research sites. Soil 
series and mean forest floor depth are given in Table | for all 
stands. 

In all stands, Douglas-fir was the predominant overstory 
vegetation. Common associates of Douglas-fir were western 
hemlock (Tsuga heterophylla (Raf.) Sarg.). western redcedar 
(Thuja plicata Donn.), and bigleaf maple (Acer macro- 
phyllum Pursh.). The major angiosperms, entirely understory 
vegetation, included salal (Gaultheria shallon Pursh.) and 
Oregon grape (Berberis nervosa Pursh.), in the site IV stands, 
and sword fern (Pteridium aquilinum (L.) Kuhn. var pubes- 
cens Underw.), bracken fern (Polystichum munitum (Kaulf.) 
Presl.), and vine maple (Acer circinatum Pursh.) in the site II 
stands. Site IV stands had a greater number of stems per 
hectare (1090—7250 stems/ha) than site H stands (480—810 
stems/ha), except in the 150- and 163-ycar-old site IV stands 
(Table 1). Crown closurc had occurred in the 45- and 46-year 
site H stands and in the 33- and 49-year-old site IV stands. 
Turner (1975) has shown that steady state foliar biomass is 
reached shortly after crown closure (stand age ranging from 
36 to 49 years) in site IV Douglas-fir stands. 

Root biomass 

Two forest floor samples from each of five subplots in each 
stand (i.e.. 10 per plot) were obtained for the quantification 
of root biomass on October 6, 1979. The forest floor samples 
were obtained by hammering a sharp-edged steel tube (5-cm 
inside diameter) into the ground. Each forest floor sample 
(O, + O: horizons) was measured for depth and then sepa- 
rated from the soil and placed into plastic bags, transported to 
the laboratory, and stored at 1°C until processed. On the 
average, it required 48 h to separate the roots from each core 
sample. The detailed sorting procedures used to obtain dead 
and live mycorrhizal root and fine conifer root (2 mm) 
biomass and number of root tips are available in Vogt et al. 
(1980, 1981). Root data was standardized in all stands to an 
equal volume by determining how much root biomass was 
located within each core at any 1-cm depth. This was deter- 
mined by dividing total live or dead fine root biomass within 
each stand by the total depth of forest floor within the same 


stand. This data is presented as kilograms per hectare per 


centimetre of fine root biomass. 
Percent dead root tips 

Pereent dead of total mycorrhizal root tip numbers was 
calculated using thc following equation: percent dead 
root tips = (No. dead mycorrhizal root tips)/(No. total 
(live + dead) myeorrhizal root tips). 

The percent of total fine conifer root biomass that was dead 
was calculated using the following equation: percent dead 
(biomass (grams) dead conifer fine roots)/(biomass (grams) 
of total (live + dead) conifer fine roots). 

A nested ANOVA design (replicate plots nested under 
age X productivity class) was used to determine (1) if a dif- 
ference existed between replicate plots and (2) the effect of 
age and productivity class on root biomass. When no signifi- 
cant differences occurred (at P = 0.05) for 1. a pooled mean 
square value was used for calculating the F value for evalu- 
ating 2 at P < 0.01. However, if significant differences be- 
tween replicate plots did occur then the mean square value due 
to the replicate plot variation was used as the denominator for 
calculating the F values (Myers 1979). A one-way ANOVA 
was used for each independent variable (age, productivity 
class) to determine if significant biomass differences existed. 
When significant differences were observed, a Student— 
Newman-Keuls test (at P = 0.05) was used to differentiate 
between root biomass means within the different stand ages or 
productivity classes (Snedecor and Cochran 1967). Computer 
analyses were conducted using statistical package for the 
social sciences (SPSS). 


Results 


Conifer fine root biomass 

In site IV stands, there was a significant increase in 
live conifer root biomass from the 11- and 12-year-old 
stands to the 33- and 69-year-old stands (Table 2). The 
mean conifer live root biomass was higher in the 49- 
and 67-year-old stands than in the 11- and 12-year-old 
stands even though these values were not significantly 
different due to the large variation between replicate 
plots. The dead conifer root biomass increased or de- 
creased with age in a manner similar to live root bio- 
mass in the site IV stands. Only in the 69-year-old stand 
was conifer dead root biomass significantly higher than 
in all the other stand ages. Of all the stand ages studied, 
only in the 33-, 49-, 67-, and 69-year-old stands were 
the dead root biomasses significantly lower than the live 
root biomasses. 

In site Il stands, live and dead conifer root biomass 
appeared to follow similar patterns of changes in the 
forest floor with increasing stand age (Table 2). A sig- 
nificantly high live and dead conifer fine root biomass 
was measured in the 45- and 46-year-old stands in com- 
parison with the rest of the stand ages. No significant 
difference in live or dead conifer root biomass was 
measured between the 13-, 14-, 65-, 75-, 150- and 
160-year-old stands. No significant difference was 
measured between the dead and live conifer fine root 
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TABLE 2. Root data in the forest floors in a matrix of stand ages and productivity classes of Douglas-fir (mean + one standard 


error) 
Stand Conifer Conifer Mycorrhizal Mycorrhizal 
age live dead Conifer live Conifer dead live dead 
(years) SPC* (kg:ha ') (kg:ha !) (kg:ha ":em ')  (Kg:ha em ^) (kg:ha ') (kg*ha^!) 

13 II 205(86)bAT 95(56)bA 203(98)aA 143(115)aA 56(36)bA I5(9)bA 

14 Il [14(66)bA 50(27)bA 45(20)bA I8(9)bA 43(20)bA I2(5)bA 
45 Il 1159(233)aA 968(202)aA 28 1(S9)aA 251(56)aA 382(95)aA 221(50)aA 
46 I 1341(453)aA  1000(3 17)aA 262(67)aA 192(45)aA 546(221)aA 214(99)aA 
65 Il 154(60)bA 195(50)bA 64(36)bA 66(20)bA 63(21)bA 51(29)bA 
75 Il 145(75)bA 186(66)bA 28(19)bA 37(12)bA 30(11)bA 39(13)bA 
150 Il 214(105)bA 32(15)bA 68(30)bA 10(4)bA 42(22)bA 8(4)bA 
160 I 132(65)bA 150(99)bA 34(15)bA 38(19)bAB 31(13)bA 17(8)bA 

11 IV 127(62)bA 55(19)aA 58(33)aA 25(9)aA 23(16)aA 4(2)aA 

12 IV 141(66)bA 440(174)abB 34(16)aA 115(40)aA 48(25)aA 69(25)abB 
33 IV 3595(794)aB — 1264(31 D)bA 505(78)dA 174(29)abA 856(193)cA 215(57)abA 
49 IV 1705(395)bA 686(246)abA 258(56)abcA 99(34)aA 524(115)bcA 160(54)abA 
67 iV 1572(287)bB 890(277)abA 331(56)bedB 183(46)abA 475(74)abcB 296(72)bcB 
69 IV 3164(518)aC — 2000(301)cB 469(87)cdB 319(75)bB 900(184)eC 45 1(89)cB 
150 IV 600(224)bA 668(174)abA 151(68)abA 166(46)abC 161(60)abA 111(20)abAB 
163 IV 1455(440)bB 68 1(295)abA 255(67)abcB 122(41)aBC 419(122)abB 187(91)abB 


*SPC = Site productivity class. 


*Numbers in each column followed by the same lower case letter (a) are not significantly (P = 0.05) different between the eight stand ages within each 
productivity class (comparisons are only within individual productivity classes). Numbers in each column followed by the same upper case letter (A) are not 
significantly different between similar age class of stands (i.e.. 11. 12. 13. 14 or 33, 45. 46. 49) compared between site productivity classes If and IV 


(comparisons are only between productivity classes). 


biomass within each site II stand (Table 2). 

When comparing conifer fine root biomass in stands 
of similar age but different site productivity class, in 
general the site IV stands had a significantly greater 
biomass of live roots than site II stands. Prior to crown 
closure (11- to 14-year stand ages) there was no signifi- 
cant difference in conifer live root biomas between site 
II and IV stands. In general. no significant differences 
were measured for dead conifer root biomass when 
comparing similar-aged stands of differing productivity 
class. 

Root biomass per centimetre of forest floor 

The biomass of live and dead roots was standardized 
to a l-cm depth for all stand ages and site productivity 
classes and presented in Table 2. In general, the signifi- 
cant differences or patterns observed for live and dead 
conifer root biomass in the total forest floor still existed 
when root biomass was standardized to a |-cm depth in 
both site If and IV stands. 

Comparison of the live or dead conifer root biomass 
per centimetre depth in the forest floor between site I] 
and IV stands of similar age showed no significant 
differences when comparing either the Il- to 14-year 
age group or the 33- to 49-year age group of stands 
(Table 2). However, a significantly higher live and (or) 
dead conifer root biomass generally occurred in the 67-, 
69-, 150-, and [63-year-old site IV versus 65-, 75-, 
150-, and 160-year-old site Il stands. 


Mycorrhizal roots 

In the site IV stands, live mycorrhizal root biomass 
increased significantly from the Il- and 12-year-old 
stand ages to the 33-, 49-, and 69-year-old stands 
(Table 2). Only in the 69-year-old stand was dead my- 
corrhizal root biomass significantly higher than in all 
the other stand ages. 

In the site Il stands, live and dead mycorrhizal root 
biomass were significantly higher in the 45- and 
46-year-old stand ages in comparison with the re- 
maining stand ages (Table 2). There was no significant 
difference in live or dead mycorrhizal root biomass 
between the 13-, 14-, 65-, 75-, 150-, and 160-year-old 
stands. 

A comparison of similar-aged stands of site I] and IV 
usually showed no significant differences in live and 
(or) dead mycorrhizal root biomass in the I1-, 12-, 13-, 
14-, 33-, 45-, 46-, and 49-year-old stand ages. How- 
ever, in general there was a significantly higher live and 
dead mycorrhizal root biomass in the 67-, 69-, 150-, 
and 163-year-old site IV versus 65-, 75-, 150-, and 
160-year-old site II stands. 

Percent total root tips infected by mycorrhizal fungi 
in the forest floor is shown in Table 3 for the different 
stand ages and site productivity classes. The highest 
percent of root tips infected by mycorrhizal fungi oc- 
curred in the 33-, 49-, 67-, and 69-year-old site IV 
stands and in the 45- and 46-year-old site II stands. 
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TABLE 3. Percentage of total root tips infected by mycorrhizal fungi, percentage 

of total root biomass and percentage of mycorrhizal root tips that were dead in 

Douglas-fir forest floors by stand age and site productivity class (mean + one 
standard error) 
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% total root % dead % dead 
Stand tips infected of total of total 
age by mycorrhizal mycorrhizal conifer 
(years) SPC* fungi root tips root biomass 
13 Ll 5611) 40(14) 32(10) 
14 | 63(13) 25(12) 30(10) 
45 I 91(3) 34(4) 46(6) 
46 Il 92(2) 32(4) 43(5) 
65 I 62(9) 42(10) 56(13) 
75 Il 66(10) 57(10) 56(12) 
150 Il 62(12) 39(12) 13(4) 
160 Il 61(13) 27(9) 53(11) 
1i IV 7011) 62(14) 30(14) 
12 IV 81(10) 76(9) 76(10) 
33 IV 95(2) 19(3) 26(4) 
49 IV 96(2) 35(11) 29(10) 
67 IV 96(1) 3707) 36(7) 
69 IV 95(2) 34(3) 39(4) 
150 IV 74(9) 49(8) 53(9) 
163 IV 88(6) 41(10) 32(9) 


*SPC = Site productivity class. 


When comparing similar ages of stands between two 
productivity classes, only the 67- and 69-year-old site 
IV stands had a significantly higher number of root tips 
infected by mycorrhizal fungi than the site II 65- and 
75-year-old stands. 


Percent dead roots 

The percent dead of mycorrhizal root tip numbers 
and of conifer fine root biomass are presented in Table 
3 for all stand age and site productivity classes. The 
percent of total mycorrhizal root tips being dead fluctu- 
ated from 19 to 76% in site IV stands and 25 to 57% in 
site II stands. These ranges of percentages were similar 
to those measured for the proportion of total conifer root 
biomass being dead: 26—76% in site IV stands and 
13—56% in site II stands. 

Discussion 

Conifer fine root biomass 

The biomass of live and dead conifer fine roots and 
mycorrhizae located in the forest floor varied as a func- 
tion of stand age and site productivity class. Live coni- 
fer root biomass in the forest floors of site Il and IV 
stands appeared to vary in a similar pattern to the ob- 
served changes in the aboveground tree biomass with 
increasing stand age. Turner (1975) has shown in a 
series of low-site Douglas-fir stands (varying in age 
from 22 to 73 years) that foliar biomass and total crown 
biomass reach a steady state in stands between 36 and 
49 years of age. This peak in foliar biomass occurred in 


stands similar in age to those stands in which the maxi- 
mum biomass of conifer fine roots was measured during 
this study. After canopy closure, the pattern of change 
in forest floor conifer live root biomass diverged be- 
tween high and low site productivity stands. A greater 
live conifer root biomass was maintained longer after 
canopy closure in the site IV stands, while the biomass 
significantly decreased after canopy closure in site II 
stands. Karizumi (1968) observed a similar pattern of 
change in fine root biomass with an increase in average 
stem basal area in a Japanese plantation of Crypto- 
meria. Fine root biomass of Cryptomeria japonica 
(L.f.) D. Don. reached a maximum at about stand age 
of 20 years which coincided with the time in which 
leaf biomass and current annual growth culminated 
(Karizumi 1968). 

Except for the studies of Karizumi (1968), Persson 
(1978, 1980), Grier et al. (1981), and Vogt et al. (1981) 
changes in fine root biomass with stand age has not 
been examined. Further research needs to be conducted 
to determine if maximum leaf and fine root biomass 
coincides with canopy closure in a broad range of dif- 
ferent forest ecosystems. s 

The pattern of change in the forest floor of dead 
conifer root biomass with increasing stand age was very 
similar to that of live roots. The maximum biomass of 
dead roots occurred at approximately the same time as 
crown closure in the site II and IV stands. In the site H 
stands, there was no significant difference between live 
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or dead root biomass within each similar-age stand. 
However in the site IV stands, a significantly lower 
dead than live root biomass occurred in the 33-, 49-, 
67-, and 69-year-old stands. In the site IV stands, it 
appeared that during and immediately after crown 
closure a smaller proportion of the total fine root bio- 
mass in the forest floor was composed of dead roots 
compared with the site II stands. This suggests that at 
these stand ages there is a smaller turnover of fine roots 
in the low productivity in comparison to the high pro- 
ductivity stands. 

When comparing live conifer root biomass in the 
forest floor of stands of similar age but of different site 
productivity class, the age of the stand strongly influ- 
enced whether significant differences in root biomass 
Occurred between the two productivity classes. Prior to 
crown closure (11- to 14-year stand ages), there was no 
significant difference in live fine root biomass between 
site II and IV stands. However, during and after crown 
closure (33- to 49-, 65- to 69-, and 150- to 163-year 
stand ages) the site IV stands had significantly higher 
live fine root biomass in the forest floor than did site II 
stands. After the crown closure, the site II stands did 
not appear to maintain the higher level of forest floor 
root biomass reached at crown closure. However in the 
site IV stands, live root biomass in the forest floor 
remained at a higher level for a more extensive period 
after crown closure. 

These differences in biomass between the site II and 
IV stands were not related merely to changes in the 
forest floor depth; standardization of root biomass per 
centimetre depth gave similar results. We hypothesize 
that the differences in root biomass occurring in the 
forest floor of site Il versus site IV stands are more 
strongly related to nutrient availability. Decreased 
nutrient availability in the low site stands would require 
an increased root biomass in the forest floor to obtain 
the necessary nutrients for growth. Other researchers 
have also suggested that fine root biomass may be 
higher in sites low in nutrients than those showing no 
nutrient deficiencies (Zóttl 1964; Fraser and Gardener 
1967; Meyer 1967; Sika 1969; Farrell and Leaf 1974; 
Reynolds 1975; Keyes and Grier 1981). For instance, in 
a 40-year-old Pseudotsuga menziesii stand in western 
Washington, Keyes and Grier (1981) observed a higher 
fine root biomass on a poor site (8.3 t* ha^") than on a 
more productive site (2.7 t* ha^ !). 

Rootlet mortality has been shown to vary in natural 
stands from a low of less than 696 (Copeland 1952; 
Redmond 1955) to 3496 (Persson 1980) to highs of 
approximately 4596 (Marks er al. 1968) and 7396 
(Persson 1980). During this study the proportion of 
dead to total root biomass fluctuated from 26 to 76% in 
site IV stands and from 13 to 56% in site II stands. The 
proportion of total conifer fine root biomass that was 


dead appeared to fluctuate according to stand age and 
productivity class. However, a distinct pattern with 
stand age was not apparent during this study. 

Several factors may explain the observed differences 
in the proportion of dead to total fine root biomass: 
(i) seasonal time of sampling, dead fine root biomass 
may fluctuate considerably throughout the season 
(Reynolds 1970; Persson 1978, 1980); (ii) the age of 
the stand; (i/i) nutrient status of the site; and 
(iv) moisture and temperature (Redmond 1955) status 
of the site. 

Only Copeland (1952) and Persson (1980) have ex- 
amined dead root biomass in two differently aged 
stands of the same forest type. Persson (1980) measured 
a pooled average annual biomass of live fine roots of 
26 g-m ^ and dead roots of 68 g* m ^" in a young [5- to 
20-year-old P. sylvestris L. stand in Sweden, resulting 
in about 7396 of the total root biomass being dead. Yet 
in a mature 120-year-old P. sylvestris stand, average 
annual live fine root biomass was 123 g:m ? with a 
dead biomass of 64 g* m 7, resulting in about 34% of 
the biomass being dead. A decrease in the percent of 
dead fine roots with increasing stand age was observed 
by Persson (1980) for P. svlvestris, while Copeland 
(1952), working with healthy shortleaf pine, found an 
increase in the proportion of dead roots from 3% at 
stand ages of 14—18 to 1896 at stand ages 34—42. 
These studies contrast the results observed for Douglas- 
fir, since no distinct pattern of change in the dead root 
biomass was apparent with increasing stand age. 
Copeland (1952) also suggested that if more than 
18—34% of the total fine root system is dead, then 
nutrient assimilation by the trees may decrease to such 
an extent that tree growth declines. It appeared from 
results reported during this study that a higher propor- 
tion of the root system may be dead (7696) at certain 
times of the year without appearing to detrimentally 
reduce aboveground growth. 


Mycorrhizal root biomass 

Ectomycorrhizal root biomass appeared to vary di- 
rectly with changes in aboveground biomass with in- 
creasing stand age as reported by Turner and Long 
(1975) for site IV stands. The maximum biomass of live 
mycorrhizal roots in the forest floor occurred around 
crown closure. The high biomass of live mycorrhizal 
roots was maintained longer after crown closure in the 
site IV stands compared with the site II stands. Com- 
parison of the live mycorrhizal root biomass in the 
forest floor between similar-aged stands of different site 
productivity classes, showed that prior to and during 
crown closure there was no significant difference in the 
mycorrhizal root biomass. However, after crown 
closure, the site IV stands had a significantly higher live 
mycorrhizal root biomass in the forest floor than the site 
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II stands. Differences in the live mycorrhizal root bio- 
mass between site IV and II stands therefore did not 
appcar significant until after crown closure. 

Numerous researchers (Hatch 1937; Zahner 1968; 
Harley 1969) have suggested that abundant devel- 
opment of mycorrhizal short roots is essential for tree 
growth on infertile sites. The intensity of ectomycor- 
rhizal infection tends to be highest when plants are 
grown in soils with a moderately low or unbalanced 
nutrient status. Many researchers have experimentally 
shown that mycorrhizae are more abundant in soils that 
contain relatively low amounts of available N and (or) 
P (Bjórkman 1949; Hacskaylo 1957, 1958; Hacskaylo 
and Snow 1959; Marx et al. 1977; Menge et al. 1977). 
Increase in the availability of these elements can sup- 
press or even eliminate mycorrhizal formation. How- 
ever, it appears from this study of natural stands charac- 
terized by differences in nutrient availability, that stand 
developmental stage may also have a strong influence 
on the amount of mycorrhizal infection of roots. The 
highest percentage of root tips infected by mycorrhizal 
fungi occurred at stand ages of 45 and 46 for site II 
stands and 33 and 49 for site IV stands. When com- 
paring similar-aged stands of low and high pro- 
ductivity, there was no significant difference in the 
percent of root tips infected by mycorrhizae at stand 
ages prior to or at crown closure. A significantly higher 
infection of roots by mycorrhizal fungi only occurred in 
the 67- to 69-year age-class of site IV stands in com- 
parison to the 65- to 75-year age-class of site II stands. 

Other than this study, only Marks et al. (1968) and 
Bakshi (1974) have determined the percent dead of total 
mycorrhizal roots in natural stands. Marks et al. (1968) 
measured a higher percent dead (13.7%) mycorrhizae in 
poor quality than in the more productive (5.3%) 
34-year-old Radiata pine stands. This was also ob- 
served by Bakshi (1974) in which the natural destruc- 
tion of mycorrhizae was higher in poor than in the better 
sites. Bakshi (1974) observed 16, 44, and 68% of total 
mycorrhizal roots being dead in a site productivity class 
I, IL, and III, respectively. During this study the per- 
centage of total mycorrhizal roots being dead fluctuated 
from 25 to 57% is site II stands and 19 to 76% in site 
IV stands. Unlike previous research, a clear pattern was 
not apparent in the amount of total mycorrhizal root tips 
being dead with site productivity class. 

It has become increasingly apparent that it is neces- 
sary to obtain data on the belowground component in 
any study that has the purpose of producing carbon 
budgets for forest ecosystems (Grier et al. 1981; Vogt 
et al. 1982). Traditionally fine root biomass and pro- 
duction have not been obtained from actual field 
measurements but have been budgeted as a proportion 
of the aboveground biomass. Data obtained during this 
study show that it is impossible to use one conversion 
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factor to obtain biomass and production estimates of 
conifer fine roots or mycorrhizae. Conifer fine root and 
mycorrhizal root biomasses appear to fluctuate as a 
function of stand age (or developmental stage) and its 
productivity class. It appears that the peak in conifer 
and mycorrhizal root biomass is reached around canopy 
closure in nutrient poor and rich sites. Once canopy 
closure has occurred, the nutrient poor sites have 
and maintain for a longer time a significantly higher 
mycorrhizal and conifer fine root biomass than nutrient 
rich sites. It appears that poor sites allocate a greater 
proportion of photosynthate carbon to forest floor fine 
roots and mycorrhizae as a means of obtaining nutrient 
required for growth once trees fully occupy the site 
(canopy closure has occurred). 

Recently, the potential importance of roots con- 
tributing more to forest floor organic matter and nutri- 
ent cycling than that which is added from aboveground 
litter fall has been shown (Vogt et al. 1983). This sug- 
gests that roots will be contributing more to forest floor 
carbon and nutrient cycling in low than high produc- 
tivity stands. Also, the importance of roots in carbon or 
nutrient cycling will vary according to the age of the 
stand. : 

Changes in forest floor root biomass with increasing 
stand age within each productivity class suggest that 
certain stages of stand development are more sensitive 
to management practices affecting the forest floor. Any 
management practice that disturbs the forest floor (fuel 
reduction using fire, heavy equipment used for thinning 
operations etc.) may damage finc roots in this horizon, 
and potentially affect future stand productivity. The 
greatest disturbance to fine roots would occur around 
canopy closure in low and high productivity stands; 
however, the effect would be more detrimental in the 
low productivity stands which are characterized by a 
significantly greater rooting in this horizon. 
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